Alpha-band (8-13 Hz) rhythm during encoding of sequentially presenting memory items was recorded using a 76-channel magnetoencephalograph. In a memory task, seven images each with an arrow pointing up, down, left or right were presented sequentially. Thereafter, a recall number was presented. Each participant memorized the arrow directions in the order of presentation and recalled the direction of the arrow for the recall number, and responded by pressing a button. Each participant also took part in a control task, in which the participant looked at the same images as those in the memory task but pressed the button previously instructed. Ten right-handed male volunteers performed 280 epochs of the memory task and 120 epochs of control task. The amplitudes of alpha-band rhythm during presentation of midterm (3rd-5th) items were compared with those of beginning (1st and 2nd) items. Fifteen sensors showed signi cant differences (midterm > beginning) in the memory task (0.01 < p < 0.05 at 11 sensors, 0.001 < p < 0.01 at 4 sensors), while no sensors showed a signi cant increase in the control task. Using the statistical parametric mapping (SPM) method, the region of increase in alpha-band rhythm from beginning to midterm was estimated to be located in the visual cortex and around bilateral temporal gyri. Additionally, the increase in amplitude from beginning to midterm was signi cantly greater before a correct answer than before a wrong answer (0.01 < p < 0.05 at 7 sensors and p < 0.001 at 1 sensor). Previous works demonstrated that alpha-band rhythm is increased by active inhibition of visual inputs that are irrelevant to memory. The region of increase estimated to be in the visual cortex agrees with previous works. An interpretation of our results is that since irrelevant visual inputs are successfully inhibited before a correct answer, the amplitude of alpha-band rhythm increases more than that before a wrong answer. These results indicate the possibility that alpha-band amplitude during memory encoding can be used as an index of memory performance.
Introduction
Various spontaneous brain rhythms have been studied to reveal mechanisms of memory. Theta band rhythm [1] [2] [3] [4] , beta band rhythm [3, 5, 6] , and gamma band rhythm [6] [7] [8] [9] [10] [11] [12] [13] have been reported to be modulated in association with memory load or corresponding to a memory process. Alpha-band rhythm had been traditionally assumed to correspond to an idling state for visual inputs, although it is now also assumed to be involved in a visually presented memory process. While a few studies have shown alpha-band suppression with increasing memory load [14] [15] [16] , a considerable number of studies have indicated parametrical enhancement of alpha-band rhythm with increasing memory load in the memory hold process [1, 17, 18] . The mainstream explanation of the enhancement is active inhibition of task-irrelevant visual inputs [1, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ; that is, alpha-band rhythm is enhanced by inhibiting visual information with increasing memory load.
We have been investigating the amplitude modulation of alpha-band rhythm (8-13 Hz) when sequential memory items are encoded. The alpha-band rhythm was recorded by magnetoencephalography (MEG). We found that the amplitude increased from the beginning to the midterm and decreased from the midterm to the ending of sequential presentation of memory items. The result of an additional experiment, in which the item numbers were randomized and participants were therefore not able to anticipate the ending of the sequential presentation, suggested that the suppression of alpha-band rhythm from midterm to ending is caused by attention to prepare memory recall [27] . In this study, therefore, we focused on the increase in alpha-band rhythm around the midterm in sequential presentation of memory items. The aims of this work were to reveal the role of alpha-band rhythm during encoding of memory items and to determine whether alpha-band rhythm can be used as an index of individual memory performance. When we tried to analyze other frequency bands of spontaneous brain rhythms, suf ciently high signal-to-noise ratios were not always obtained. This observation implies that the large amplitude of the alpha-band rhythm may be advantageous as an index of memory performance.
Methods
The study was approved by the Ethics Committee of Graduate School of Medicine, Hokkaido University, and written informed consent was obtained from each participant prior to the experiments. magnetometer system (customized; Elekta-Neuromag Oy, Helsinki, Finland) installed at Hokkaido University, Sapporo, Japan. The passband was from 0.1 to 100 Hz, and the signals were sampled at 600 Hz. Ten healthy male volunteers (mean age: 22.8 years, standard deviation: 0.6 years, all right-handed) participated in the study. The visual stimuli were projected on a back-projection screen installed in a magnetically shielded room, using a liquid-crystal projector located outside the shielded room. The lights in the shielded room were turned off during the experiments.
Experimental procedure
The time sequence of a single epoch of the memory task is shown in Fig. 1 . A visual stimulus consisted of a start cue, seven sequential arrow images, and a recall number. The start cue, a crossshaped xation target at the center, was presented for 0.5 s. After presentation of the start cue, seven arrows pointing left, right, up or down appeared sequentially on the right side of the xation target. Arrows were each presented for 0.1 s with 0.5-s intervals. Next, a recall number, from 1 to 7, appeared. During presentation of the arrow images, each participant memorized the directions of the arrows in sequence. Just after presenting the recall number; for example, 2 , the participant gave the direction of the corresponding arrow (the second arrow) by pressing a button (with the downward arrow) with the right trigger nger as soon as possible. The recall number vanished promptly when the answering button was pressed. The interval between epochs was randomized to be 3 to 4 s. All images; the cross, arrows and the number, were gray with low brightness on a black background in order to suppress transient responses, because this study intended to record spontaneous rhythm. Each arrow or numeric number was presented with visual angles of 2.2 -2.8 ; i.e., in the central visual eld. Examples of precise images are shown in Fig. 2 . The 280 epochs of memory task were divided into 4 sessions.
Each participant also took part in a control task. In this task, the same visual stimuli as those in the memory task were presented, but the participant just looked at the images without memorizing the arrow directions. After the recall number was presented, the participant promptly pressed the button with the direction instructed previously. The 120 epochs of control task were divided into 4 sessions, in which the was given prior instruction to press the button with an arrow pointing up, left, down, or right. Each participant therefore took part in 4 memorizing sessions and 4 control sessions in an alternate manner (Fig. 3) . The experimental procedure and the preliminary behavioral results have been reported [28] . This work was a fundamental reanalysis of the same data as those in our previous report.
When memory items are presented sequentially, the beginning and ending items are memorized well. Hence, the accuracy rate shows a U-shape. This is well known as the serial position effect or primacy/recency effects. The accuracy rate obtained in our sequential memory task showed a typical serial position effect. The mean accuracy rate ranged from approximately 55% (midterm; recall number, 4) to 90% (end; recall number, 7) and was approximately 70% in total [28] for all participants.
Analysis
First, the MEG signals of the four sessions of the memory task and four sessions of the control task were merged separately. Next, a template of transient response was calculated by averaging the merged MEG signals over epochs. To extract spontaneous brain rhythms, the template of transient response was subtracted from the raw signals. The extracted MEG signals were ltered with a passband of 8-13 Hz and transformed to envelopes by Hilbert transform. The envelopes for the memory task were averaged over epochs. By the above-described process, the envelopes; i.e., the time courses of alpha-band rhythm amplitude, of the memory task and control task were obtained for all MEG sensors.
The time courses of alpha-band rhythm amplitude were normalized by the value averaged over the baseline period during the start cue presentation (−500-0 ms; 0 ms denotes appearance of the 1st arrow). Statistical analysis was applied to the time-averaged value within two time windows: beginning (0-1200 ms: 1st arrow and 2nd arrow presentation) and midterm (1200-3000 ms: 3rd to 5th arrow presentation). They were compared between time windows (beginning/midterm) at group level by Wilcoxon s signed rank sum test, because the averaged values were not always normally distributed. The brain regions in which amplitude of alpha-band rhythm increased or decreased signi cantly from the beginning (0- (44) level using the statistical parametric mapping (SPM 8) method. Our basic procedure was as follows [29] : the individual head position was aligned with the template brain; the inverse problem was solved by multiple sparse prior methods; the individual image was estimated by extracting time windows and the frequency band of interest; and statistical results of group level analysis were displayed on the template brain. Each cluster consisted of 5 × 5 × 5 voxels with a 2 mm cubic.
Finally, the ratios of amplitude for the midterm period (1200-3000 ms) to amplitude for the beginning period (0-1200 ms) were calculated at all sensors and were compared between conditions (correct vs. wrong) at group level by Wilcoxon s signed rank sum test. In this analysis, to equalize the averaging numbers in the correct and wrong epochs, the correct epochs of the two recall numbers that gave the most correct answers were averaged. The two recall numbers were typically 1 and 7 or 6 and 7 depending on individual participant. Figure 4 shows a comparison of the time courses of amplitude modulation of alpha-band rhythm in the memory task and control task. The time courses of all sensors and all subjects were averaged. In both the memory task and control task, the amplitude rose and fell 7 times during the sequential presentation of memory items. The rises and falls corresponding to appearance and disappearance of the arrows suggest that the rapid modulation simply resulted from the visual inputs. Moreover, in the memory task, a broad increase in amplitude from the beginning to midterm and a broad decrease from the midterm to end were also observed. In the control task, no clear broad modulation of amplitude was observed. Therefore, the broad modulation may correlate with memory encoding. Since the subjects could predict the rst arrow presentation by the start cue, the alpha-band rhythms in both the memory and control tasks were already suppressed before appearance of the rst arrow (0 s). However, remarkable suppression at the rst arrow presentation was shown only in the memory task, probably caused by stronger attention to start encoding. As a result, alpha band amplitudes of the memory task and control task almost overlapped around the midterm. As mentioned in the introduction section, the decrease around the end of presentation is thought to be caused by attention to prepare memory recall, and not by memory encoding. We were therefore interested to examine the reason for the increase from the beginning to midterm in the memory task. Wilcoxon s signed rank sum test, which was performed at every sensor, demonstrated that the amplitude increased signi cantly from the beginning to midterm at 15 sensors in the memory task. On the other hand, amplitude decreases were also observed at 3 sensors. Besides, in the control task, amplitude increase was not observed at any sensor, and amplitude decrease was observed at only two sensors ( Table 1 ). The dependence of modulation on sensor position suggests that the modulation is attributed to some speci c regions in the brain. Because of the lead eld of magnetometers [30] , each magnetometer is not sensitive to brain activity just below the sensor position. The modulated brain region in the memory encoding process was therefore estimated by the SPM method in this work.
Results

Amplitude modulation during encoding
Brain regions of amplitude modulation
SPM analysis of (midterm)-(beginning) revealed that the regions showing increased alpha-band rhythm are located in the visual cortex in the left occipital area and around the middle temporal gyri (threshold, p = 0.0005 uncorrected; Fig. 5a ). On the other hand, the analysis of (beginning)-(midterm) showed that the regions with decreased alpha-band rhythm are located around bilateral inferior parietal lobules and middle frontal gyri (threshold, p = 0.0005 uncorrected; Fig. 5b ).
Comparison between correct/wrong
The amplitudes showing increase from the beginning (0-1200 ms) to midterm (1200-3000 ms) were compared between correct and wrong conditions by Wilcoxon s signed rank sum test. Signi cant differences were observed at 8 sensors (correct > wrong; 0.01 < p < 0.05 at 7 sensors and p < 0.01 at 1 sensor). Figure 6 shows an example the time courses of amplitude modulations recorded by the sensor with the lowest p value. All sensors of all participants were averaged. Seven rapid modulations were observed in both tasks, while a broad modulation was observed only in the memory task. 
Discussion
The alpha-band rhythm increased from the beginning to midterm during sequential presentation of memory items. This increase was observed only in the memory task and depended on the sensor position. The results suggest that amplitude modulations of the alpha-band were caused by the memory encoding process and originated from speci c brain regions. By analysis using the SPM method, the regions of increase were estimated to be the visual cortex in the left occipital area and bilateral middle temporal gyri, while the regions of decease were estimated to be around bilateral inferior parietal lobules and middle frontal gyri.
Target arrows were presented in the right visual eld. The region of increase in the left visual cortex can be interpreted by contralateral dominance. The increase in amplitude in the visual cortex agrees with the results of previous works showing that the alpha-band rhythm increases with memory load by active inhibition of task-irrelevant visual inputs. When memory items are presented sequentially, the midterm items are the most dif cult to encode. The alpha-band rhythm in the visual cortex is thought to increase to inhibit visual inputs of task-irrelevant items.
Other regions including the middle temporal gyrus, middle frontal gyrus and inferior parietal lobules (IPL), especially the supramarginal gyrus which is a part of the IPL, are known to be involved in working memory, and alpha-band rhythms originating in these regions are modulated by a memory task [31, 32] . Scheeringa et al. [32] recorded electroencephalogram and fMRI simultaneously and reported correlations between posterior alpha-band rhythm increase and BOLD suppression in the primary visual cortex, middle temporal gyrus, middle frontal gyrus, supra marginal gyrus, and cerebellum. They suggested that these regions form a network of top-down functional inhibition to maintain working memory. Interestingly, these regions correspond well to our SPM results, although laterality is not always consistent. The network of top-down functional inhibition may be activated in the midterm of our sequential memory encoding, in which memory load should be larger than that in the beginning. Further analysis of the MEG results may reveal connectivity and causality between these regions.
The increases in amplitude of alpha-band rhythm from the beginning to midterm at several sensors were signi cantly larger before a correct answer than before a wrong answer. Increase in alpha-band rhythm suggests that successful active inhibition of task-irrelevant visual inputs leads to higher memory performance. This result suggests that alpha-band rhythm recorded at an appropriate sensor position can be used as an index of memory performance. We expect that the decline of memory performance caused by aging, for instance, can be evaluated by utilizing alpha-band rhythm as an index.
Conclusion
Alpha-band rhythm during encoding of sequentially presented memory items was recorded using MEG. An increase in amplitude from the beginning to midterm during presentation of memory items was observed at many sensors. Moreover, the amplitude increase was signi cantly greater before a correct answer than before a wrong answer. An increase in amplitude in the visual cortex during memory encoding agrees with results of previous works demonstrating that alpha-band rhythm is increased by active inhibition of task-irrelevant visual inputs. The results indicate the possibility of using alpha-band rhythm as an index of individual memory performance.
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